Most dustiness studies do not measure dust release over long durations, nor do they characterize the effect of dust release on bulk powders. In this study, we tested the dustiness of two different samples of silicon carbide (SiC) powders (referred to as F220 and F320) over six hours using a vortex shaker. Additionally, we characterized the bulk sample for change in shape and size distribution due to the testing. Both powders release respirable fractions of dust particles but differ in their dust generation behavior. The numbers of released respirable particles for powder F220 are more than two times higher than those of powder F320.
Introduction

A C C E P T E D M A N U S C R I P T
Hard particles, such as silicon carbide (SiC) having diameters in the range of 30-100 µm are widely used in high endurance applications such as the production of abrasives and wearresistant machineries (Harris, 1995) . Considering their excellent physical and mechanical properties (high strength, durability and heat capacity), SiC powders have recently been adopted as a heat transfer and storage fluid (HTF) for concentrated solar thermal plants (CSP) (Benoit et al., 2015; García-Triñanes et al., 2016) . The HTF particles conveyed pneumatically or mechanically are used to transfer heat energy from different sections of the solar thermal plant. The conveying of HTF material generates dust as it undergoes mechanical stresses due to screw feeder or rotary valves, kinetic stresses due to high-velocity jets, conveyors, collision with tubes, and shear stresses while being conveyed in a closed circulating loop. Further, such stresses engender attrition in particulate systems which can potentially influence the physical, mechanical and thermal properties of the HTF material and therefore, the operation of the CSP plant. Thus, the handling of such material requires the knowledge of the powder ability to generate dust and monitor its consequent change in physical and mechanical properties which may be different from their original state.
According to ISO 4225 (International Organization for Standardization, 1994) , dust is made of small airborne solid particles, usually of sizes inferior to 75 µm in diameter which settle under their own weight but may remain suspended for some time.
The tendency of a material to generate dust upon handling is known as its dustiness (Hamelmann and Schmidt, 2003) . The exposure and deposition of airborne dust in various regions of the human respiratory tract depends on several factors including the size of the dust particle. Based on the size of a dust particle and its ability to penetrate and deposit in lungs, the three dust size fractions include the inhalable fraction (mouth/nose), the thoracic fraction (respiratory tract below the larynx) and the respirable fraction (the alveolar region in the lung) (Baron and Vincent, 1999; EN 481, 1993; ISO 7708, 1995) . The size fractions depend on the aerodynamic diameter of the dust particles (Hinds, 1999) and are classified based on dust median particle size with 100 µm for inhalable, 10 µm for thoracic, and 4 µm for respirable fractions, for 50% sampling efficiency. The exposure to dust generated from the handling of silicon carbide powders in industries can lead to increased rates of chronic bronchopulmonary diseases and bronchial hyper-reactivity (Governa et al., 1997; Petran et al., 2000) .
In an occupational setting, handling of materials including silicon carbide particles, may pose major challenges including the risk of inhalation of dust, changes in material quality, contamination of plant equipment, and in some cases, can even cause fire and explosion (Eckhoff, 2005) . Dustiness of a powder depends on several factors including powder parameters such as particle size and particle morphology and external factors such as ambient humidity (Plinke, 1995) . Testing for dustiness of a material involves measuring dust particles aerosolized from a specific amount of bulk material, subjected to a precise amount and type of energy for a defined period of time (Plinke et al., 1992) . The time of suspension of a dust particle is directly related to its size, shape and density (Green, 2007; Klippel et al., 2013) . Thus, it is important to not only test and report dustiness of HTF material (SiC) in their original pristine state but also at their used form in order to assess the risks of handling such material A C C E P T E D M A N U S C R I P T and to select powders with suitable properties. The results could aid in quantifying and mitigating risks associated not only with planned activities such as handling and transportation of new and used HTF material but also with major incidents, such as an HTF leak in the plant. Thus measurement of the long-term dust generation of HTF powders is possibly as important as characterizing short-term dust generation (associated with activities such as the loading and unloading of powders) as the HTF powders continuously circulate in CSP plants for months without changing.
There are a wide range of dustiness testers including the air jet dispersion (Boundy et al., 2006) and gas fluidization systems (Saleh et al., 2014; Sethi and Schneider, 1996) , drop test (Cowherd et al., 1989; Dahmann and Monz, 2011) , the rotating drum (Breum, 1999; Schneider and Jensen, 2008) . Among them, the latter two are the standard testers for measuring dustiness of bulk materials according to EN 15051 (EN, 2006) . But these testers need large amounts of powders (35 cm 3 or 500 g) (Morgeneyer et al., 2013; O'Shaughnessy et al., 2012 ) and can give disparate results for industrial minerals (Pensis et al., 2010) . Hamelmann and Schmidt's (Hamelmann and Schmidt, 2004) review of several dustiness testers shows the lack of comparability between the testers due to differences in the bulk sample and generation techniques, and thus a single standardized test is not suitable for all powders and applications. Furthermore, most of the testers mentioned have only been used for short time durations (less than 1 hour) and may not be representative of the dust generated from processes with longer durations.
The vortex shaker (VS) method (Chakravarty et al., 2017a (Chakravarty et al., , 2017b Le Bihan et al., 2014; Morgeneyer et al., 2013 ) is a promising dust generation method which is capable of functioning with very small sample quantities (less than 4g). (Morgeneyer et al., 2013) and used the VS method to test dust generation of micron-sized alumina particles and nanoscale carbon nano-tubes (CNTs) for one hour with sample mass as small as 0.5 g, respectively. (Morgeneyer et al., 2013) studied the minimum level of bulk mass and optimum vortex speeds necessary to aerosolize micron-sized alumina particles. They report a minimum sample mass of 2 g and a vortex speed of 1500 rpm -1,800 rpm as suitable parameters for aerosolizing alumina particles without impacting the particle size distribution (PSD) of the powder. The VS setup also allows one to retrieve the used bulk sample after the end of the dustiness test for further analysis, but such results have not been reported in previous studies with the VS setup.
In this study, an experimental setup similar to (Morgeneyer et al., 2013) was used for testing the respirable dust generated by silicon carbide powders. Further, the tested powders were characterized for any change in PSD and shape properties due to testing. As HTFs in CSP plants are circulated for a prolonged duration, they require long-term monitoring of dust and change in powder properties. This study was focused on dust generation over six hours of vortex agitation for the worst case conditions, i.e., a dry filtered air flow and a vortex speed of 1500 rpm. This is a novel approach for studying dust generation in hard materials used for long-duration applications. Results from this study can support the selection process of an HTF A C C E P T E D M A N U S C R I P T material and appraise the need for further dust generation monitoring with different test conditions.
The primary objective of this study is to test and evaluate the dust generation behavior of two samples of silicon carbide particles subjected to vortex rotation for six hours. The ultimate purpose is to gain insights into the physical mechanisms underlying dustiness and how various factors lead to differences in dust emission. The results of these studies can be used for material selection based on their dust generation behavior and change in physical properties over long periods of time.
The grain shape properties and size distributions of the bulk powders were compared for the tested and untested (pristine) bulk powder samples using laser diffraction and image analysis (described in the materials and methods section 2.3). Finally, hypotheses accounting for our observations were proposed along with recommendations regarding the choice of powders in such industrial operations.
Materials and Methods
Silicon carbide particles
Two sets of silicon carbide powders (CAS Number: 409-21-2), SiC F220 and SiC F320 (from Mineralex, France) were used "as-received" following the EN standard 15051 (CEN, 2006) . The test samples consisted of 99% of silicon carbide obtained from high purity sand or quartz, fused in an oven with pet coke at temperatures above 2000 °C. The powder test samples were characterized for volumetric and number size distribution by laser diffraction (3D measurement) and image analysis (2D measurement), respectively. Also, the samples' specific surface area and water content were measured using the gas adsorption surface area analyzer (BET) and a halogen moisture analyzer, respectively. The material parameters are mentioned in Table 1. F220 and F320 have the same particle density (3,210 kg/m 3 ) and contain less than 0.1% of moisture by mass, measured before the dustiness test ( Table 11 ). The volumetric size distribution of the samples measured in wet mode shows F220 and F320 with normal size distribution, and F220 with a broader size distribution than F320 (Error! Reference source not found.a).
In order to compute number size distributions, the samples were prepared, dispersed automatically for measurement using the Morphologi G3s image analyzer (explained in section 2.3) according to the Malvern G3s user manual (Morphologi G3 User Manual, 2008) . F220 shows a bi-modal size distribution with its first mode within the size bin of 0-5 µm in circle equivalent diameter (CED), i.e, the diameter of a circle with the same areas as the measured 2D image of the particle (Error! Reference source not found.b).
Vortex shaker dustiness tester
The VS setup was used as the dustiness tester due to its low requirements of sample sizes, ease of operation and the ability to retain the powder sample after the test. The experimental setup used by (Chakravarty et al., 2017b; Jensen, 2012 ) was adopted for the present study. The setup broadly consists of 4 sections; generation, sampling, dilution, and measurement (Error! Reference source not found.).
For aerosol generation, a powder-filled centrifuge test-tube (made of glass) was mounted on a digital vortex shaker (VWR Signature Digital Vortex Mixer). The shaker which is capable of achieving constant rotational speeds, was set to rotate at 1500 rpm along the vertical axis. The centrifuge tubes were sealed using a rubber stopper with provisions for an inlet to channel HEPA filtered dry air (at 4.2 L/min or 7e-05 m 3 /s) and an outlet to emit air containing aerosolized particles (also at 4.2 L/min).
Airborne dust particles were sampled using a BGI GK 2.69 cyclone operated at a volumetric flow rate of 4.2 L/min (7e-05 m 3 /s) to meet the requirements of sampling for respirable size fraction (Jensen, 2012) . The respirable fraction of aerosol released is then diluted with 7.4 L/min (1.2e-04 m 3 /s) of filtered air (HEPA) and split into 3 channels for measurement and characterization. Particles with size larger than the respirable size fraction fall into the grit pot and are discarded. The flow through the sampler was checked and calibrated before starting each experiment.
The aerosol concentration of the respirable dust is measured at different bin size ranges using an aerodynamic particle sizer (APS TSI 3321, TSI Inc., Shoreview, MN). The APS records the particle counts by their aerodynamic size measured based on the time-of-flight of individual aerosol particles. It measured the aerosol number concentration over 51 size channels from 0.54 µm to 20 µm, recorded every 5 sec with a total flow rate of 5 L/min. Furthermore, it calculates the mass of individual spherical particles for a given particle density (TSI, APS Application notes). Since the minimum APS size detection limit inhibits its ability to quantify all particles in the respirable range (<4 µm), a condensation particle counter (CPC TSI 3775, TSI Inc., Shoreview, MN) is used to measure the concentration of aerosol particles with size ranging from 0.004 µm to 3 µm. The CPC measurements span over a wide concentration ranging from 0 to 10 7 particles or #/cm 3 with high accuracy. An aerosol particle sampler, the Mini-Particle-Sampler (MPS®) (R'mili et al., 2013) was used to capture and deposit aerosol particles on copper grids for off-site transmission electron microscope (TEM) analysis.
Measures to minimize electrostatic charging during the transportation of dust included grounding the conductive aerosol outlet tube (stainless) and silicone tubes (diameter, 4.8e-03 m) especially designed for particle transport (TSI Inc., USA). The total length of tubes
connecting the aerosol source to the measurement devices was reduced to 0.9 m as compared to 1.2 m used by (Morgeneyer et al., 2013) to minimize the settling of dust particles in tubes. For ensuring safety while conducting the dustiness tests, all the experimental equipment were installed and operated inside a state-of-the-art closed isolator system at the Nanosecured (S-NANO) platform at the INERIS in Verneuil-en-Halatte, France. A more detailed description of the setup and powder handling process has been reported in Morgeneyer et al., 2013) dealing with the aerosolization of micron-size alumina and nanosized carbon nanotubes, respectively.
Optical microscopy and particle morphology
Particles from powder samples, F220 and F320 were quantitatively characterized with respect to their size and morphology using dry dispersion of powder in the particle image analyzer (Morphologi G3S, Malvern, UK) before and after the dustiness test. The particles were measured at a magnification of 20x with a 5-megapixel CCD camera to enable the digital analysis of particles shapes.
The analysis captures a 2D image of a 3D particle and calculates various size and shape parameters of the 2D image such as the circle equivalent diameter (CED), high sensitivity circularity (HSC) and convexity. CED is the diameter of the circle with the same surface area as the projected area of the particle. HSC values indicate the degree of roundness of the particles when compared to a perfect circle. It is calculated using the equation,
Where, A and P are the projected area and the perimeter, respectively. A perfect circle has an HSC value of 1 whereas an irregularly shaped object has a value closer to 0. Further, convexity is the measure of surface roughness in a particle, calculated as the ratio of "convex hull perimeter" by the actual perimeter of a particle (Morphologi G3 User Manual, 2008) . A smoothly shaped particle has a convexity of 1 whereas a "spiky" or irregularly shaped particle has a value closer to 0. Aspect ratio (AR) is the ratio of the width to the length of the particle, where the width and length of the particle is the longest length of the projected particle on the major and minor axis, respectively.
Test protocol
Three trials were performed for each of the two powders, F220 and F320. Each test used 2 g of powder weighed with an accuracy of ±0.001 g using an analytical balance (MS1003S, Mettler-Toledo, Inc., Columbus, OH, USA), manually filled in a centrifuge glass tube (diameter 0.025 m, height 0.15 m). The filled tube was sealed using a rubber stopper and
carried to the isolator system. The powders were weighed within 1 hour of performing the experiments to limit the number of variables affecting the experimental condition.
The sample filled centrifuge tube was then mounted on the VS using a rubber cup to hold the tube firmly. Prior to starting the vortex shaker, the APS and CPC sampling were turned on along with the inlet flow (4.2 L/min or 7e-05 m 3 /s) and dilution flow (7.4 L/min or 1.2e-04 m 3 /s) for 2 minutes. Opening the inlet flow shows a peak in the particle concentration (close to 10 particles/cm 3 ) which rapidly decreases to the background values, usually lower than the detection limit of the APS (0.1 particles/cm 3 ) and CPC (0.2 particles/cm 3 ).
Thus the inlet air flow is only used to transport the aerosol generated through the vortex motion and does not influence the generation of dust particles in the system.
The VS operated at 1500 rpm, was run for six hours to test the powder samples, with a short break of 5 minutes after every 1-hour interval to avoid the overheating of the electric motor. Since the air flow is not interrupted, the peaks in the dustiness variables are entirely due to the mechanical action of the vortex shaker. The measured values begin and end 2 minutes before and after the vortex shaker running time, respectively. Each test was analyzed as an individual case. Using a low-pressure pump (0.6 L/min or 1e-05 m 3 /s, Gilian LFS-113DC) attached to the sampler (MPS®), dust particles were collected on Quantifoil copper-carbon grids (Oxford Instruments, UK) (R'mili et al., 2013). The dust particles confined in these grids were further analyzed for their morphology using a Transmission electron microscope (TEM, JEOL JEM-2100F, operated at 100 kV).
Calculation
Total respirable particle number concentrations measured for different particle size ranges from CPC (0.004 μm to 3 μm) and APS (3 μm to 19.5 μm) were combined to calculate the total number of generated particles, S Vortex Number (Total) using Eq. (2) to (4), modified from (Jensen, 2012) .
Eq. (4) where QVortex and QDilution are the flow rates for the filtered air directed towards the vortex tube (7e-05 m 3 /s) and for dilution (1.2e-04 m 3 /s), respectively. T is the time of the test for which the aerosol particles are calculated (6 intervals of 3,600 seconds). ∆t CPC (1s) and ∆t APS (5s) are the time-step set for the CPC and the APS, respectively. C n,CPC (t 0 + i. ∆t ) and C n,APS (t 0 + i. ∆t ) are the aerosol number concentrations (in particles/cm 3 ) for the i th time interval measured by the CPC and the APS, respectively.
Additionally, APS number concentrations (C n,APS , in particles/cm 3 ) were used to calculate the volume of the assumed spherical particles, which is then transformed to mass concentration (C m,APS , in mg/m 3 ) for each size channel adjusted for the particle density of the SiC particle, ρ p (3,210 kg/m 3 ) using Eq. (5). The APS software uses a pre-installed algorithm for Stokes correction reported by (Wang and John, 1987) .
Eq. (5) where V APS is the total volume concentration (µm 3 /cm 3 ), D a is the aerodynamic diameter of the particle and ρ 0 is the unit density (1 g/cm 3 or 1000 kg/,m 3 ). The total mass of the respirable fraction of particles, M Vortex APS is then calculated using Eq. (6),
Eq. (6) Furthermore, number and mass based dustiness indices (DI) were calculated for the dust generated per unit mass of powder, using Eq. (7) and (8)
Whereby, m stands for the mass of the test sample.
Results
Respirable dustiness measurements
Evolution of aerosol release
The standard deviations of the dustiness variables (particle count, aerosol mode size) are generally smaller than the differences between the averaged values for the two powders. It thus appears to be a statistically significant difference regarding the behavior of the two agitated powders that needs to be accounted for. In general, both samples (F220 and F320) release respirable fractions of aerosol but their dust generation behavior differs (Error! Reference source not found. bottom). During the six-hour test, the aerosol mode particle size by mass (Error! Reference source not found. top) for F220 shows a greater deviation towards smaller particle sizes compared to the F320 sample.
Aerosol generated from F220 and F320 can be classified into four stages based on the evolution of the total respirable aerosol counts (Error! Reference source not found.).
Stages IV-IV:
Stage I (Rapid Emission): At the onset of the VS, F220 rapidly emits aerosol with the maximum number of aerosol released (approximately 5 to 7e+06) within the 20 th minute of the test duration. F320 shows a similar behavior but with an aerosol count about 2-3 times lower than F220. Furthermore, the mode aerosol size measured for F220 and F320 using the APS shows similar values at the start of the experiment (Error! Reference source not found. top).
Stage II (Reduction):
From its maximum at the 0-20 th minute interval, the F220 and F320 aerosol numbers decrease to some local minima (2.7e+06 for SiC F220 and 1.1e+06 for SiC F320) within the 160 th -180 th minute-intervals of the test.
Stage III (Steady generation and release-1): Aerosol released from F320 are relatively stable from the 180 th minute to the 300 th minute, but F220 shows a slight increase in particle emission compared to F320 with some variation in the aerosol release measured by the CPC and APS, combined.
Stage IV (Slow generation):
From the 300 th minute till the end of the vortex shaker test, aerosol counts for F220 gradually increases by 14% as compared to a decrease of 42% for F320, for the same time interval.
Aerosol size distribution
Aerosol mode particle size (Dp,mode) (shown in Error! Reference source not found. (top) was used as an indicator of change in aerosol size distribution with vortex time duration. Cumulative aerosol mass concentration (∑ ) from the APS, split in 20-minute time intervals were grouped and analyzed for change in aerosol mode particle size (Dp,mode). For the APS size range of 0.5 µm to 19.5 µm, the average Dp,mode released by F320 lies within a stable range of 2.2 µm to 2.3 µm whereas aerosol from F220 shows a slightly wider size range of 1.5 µm and 2.3 µm for the six hours of testing.
Number dustiness index
Respirable number dustiness indices for samples F220 (DIn,F220) and F320 (DIn,F320) are calculated from real-time aerosol concentration from the CPC and the APS using Eq. (7). For F220, DIn,F220 (7098/mg) at the 1 st hour of vortex decreases by 27% and 21% by the 2 nd and 3 rd hour-intervals, respectively, followed by an increase of 14%, 10%, 12% in the 4 th to 6 th hour-intervals (Error! Reference source not found.). As for F320, DIn,F320 in
the 1 st hour (3455/mg) decreases by 29%, 28%, 5%, 9% and 6% in the progressing 2 nd , 3 rd , 4 th , 5 th and 6 th hour-intervals. Thus, both the micron-scale powders show DIn in the range of 1E+03 to 1E+04, which are typically one to two orders of magnitude lower than the VS dustiness tests using nano-powders for different time durations (Dazon et al., 2017; Jensen, 2012) . Furthermore, the increasing trend of DIn (measured by APS and CPC) after 3 hours for SiC F220 is different from the stable profile of DImass (measured by APS, Error! Reference source not found.) for the same time means the increasing trend is due to the emission of finer particles lower than the measurement range of the APS.
A parabolic fit for F220 (Eq. 9) and a power law fit for F320 (Eq. 10) can provide a reasonable approximation to the average respirable number dustiness over the 6-hour test duration. 
Mass dustiness index
Respirable mass dustiness indices for F220 (DIm,F220) and F320 (DIm,F320) are calculated using Eq. (8) based on the APS measurements. Similar to DIn (Error! Reference source not found.), DIm, F220 and DIm, F320 show maximum values at the start of the test (Error! Reference source not found.). With time, while both DIm,F220 and DIm,F320 decreases, DIm,F220 shows an increase of 16% from the 3 rd to the 6 th hour of the test duration. The average DIm values for F220 and F320 are fitted to a quadratic (Eq. 11) and power law (Eq. 12) expressions, respectively. Compared to the VS tests with nano-powders (Dazon et al., 2017; Jensen, 2012) , the DIm values for the F220 and 320 powders are around one order magnitude lower. 
TEM micrographs
Examining approximately 50 photomicrographs from each sample (F220 and F320) shows a wide range of sizes and shapes of the respirable aerosol particles generated from the show angular shaped particles with at least one smooth surface (marked with a dotted line) with fewer surface asperities compared to the aerosols with rugged surfaces sampled between the 25 th to 30 th minute interval (Error! Reference source not found.: a, b, e, f).
Characterization of the tested powder samples 3.2.1 Size distribution of the powder
Volumetric size distribution
After 6-hours of VS operation, the tested powder samples were characterized with respect to changes in their PSD by volume using a laser diffraction particle size analyzer (Error! Reference source not found.a and Table 2 .). The testing of the F320 sample (F320_tested) shows negligible change in its size distribution compared to the pristine samples (F320). The differences with respect to volumetric x10, x50 and x90 of the powder range from 0.6, 0.3 and −0.3, respectively which are close or inferior to the standard deviation stemming from the four repeated trials.
On the other hand, the tested F220 sample (F220_tested) shows noticeable changes in powder PSD where volumetric x90 and x50 decreases by 6, and 1.7, respectively although x10 increases by 1.1. Those changes are significantly higher than the standard deviations for the 4 repeated trials.
Number size distribution
Circle Equivalent Diameters (CED) of individual grains from fresh (F220 and F320) and tested (F220_tested and F320_tested) samples were measured using image analysis. A minimum of 30,000 particles were analyzed for each of the 3 trials per sample. Similar to the volume size distribution (Table 2 .), F320 samples shows negligible changes in PSD for the pristine and tested powders whereas the F220 shows a distinguishable change in PSD from its pristine to tested state.
The tested samples for both SiC F220 and SiC F320 powders show an increase in the population of particles with sizes less than 20µm, indicating the availability of aerosolizable fine particles even after 6 hours of testing (Error! Reference source not found.b). In comparison to their pristine samples, the tested F320 samples show a slight increase in the
number of particles less than 20µm, whereas tested F220 shows about 20% increase for the particular size range.
Change in particle morphology
The Morphologi G3s analyzer was used for static image analysis and corresponding measurement of particle shape properties including high sensitivity (HS) circularity, convexity and aspect ratio (AR). The principles it relies on are laid out in section 2.3. The measured average values of HS circularity (0.81) and AR (0.73) for SiC F320 were 16% and 18% greater than the larger sized SiC F220 particles, shows the F320 particles as more circular in shape compared to SiC F220 (see Table 3 ). Also, there were almost no differences in the average convexity for both the powders, thus indicating no detectable 'spikiness' or roughness in in the particle shape.
Compared to the measurements from the pristine samples, F320_tested shows no change in mean HS circularity or aspect ratio (Table 3 .). But, tested samples of F220 (F220_tested) shows a 6% increase in both HS circularity and aspect ratio, respectively (Table 3 ).
While F320 particles shows mostly circular particles with a Gaussian-like distribution over particle sizes 5-50 µm ( Fig. 8c and 8d) , there are few changes observed in the distribution of F220 particles over circularity and particle size ( Fig. 8a and 8b) . The fine particles (close to 0-10 µm) for the tested particles show a wide range of HS circularity from 0.2 to 1. Also, the tested F220 particles show a decrease in the proportion of particles within the sizes of 15 µm -50 µm and an increase in particles (with relatively greater circularity) with sizes 50 µm -100 µm, as compared to the F220 pristine.
Discussion
Aerosol measurement
The combination of APS and CPC was found suitable for determining the respirable dustiness by number and mass, for micron-sized F220 and F320. A powder mass of 2 g and a vortex speed of 1500 rpm were enough to measure the respirable aerosols within the lower and upper bounds of the APS and the CPC, similarly to the study of dustiness in alumina particles (Morgeneyer et al., 2013) .
The number and mass dustiness indices of powders can be used to compare dustiness from different powder samples (Jensen, 2012) . The ratio of DIn for SiC F220 and F320 shows a progressive increase from 2.1 to 5.1 during the experiment, whereas the ratio of DIm decreases from 2.2 (1 st hour) to 1.6 (2 nd hour), before reaching its maximum value 3.7 in the 6 th and final 1-hour interval. We postulate that the disparity in the trends of hourly numbers and mass dustiness indices for SiC F220 measured using the CPC and APS, respectively (Error! Reference source not found. and Error! Reference source not found.) may stem from the difference in the aerosol size ranges measured by the CPC (0.004 μm to 3 μm) and the APS (3 μm to 19.5 μm). Dust released in the initial hour is a combination of coarser and fine particles but with time, there is reduction in dust emission for both powders but the SiC F220 shows an increase in small fine-scale dust particles, unlike the SiC F320 samples. These fine-scale aerosols (whose sizes are smaller than 0.5 µm) are counted by the CPC and can be seen in TEM micrographs (Error! Reference source not found.c and Error! Reference source not found.d). Furthermore, the mass of the sub-micron sized aerosol particles with sizes lower than the APS detection limit (dae < 0.5 µm) has little contribution to the total mass measured (O'Shaughnessy et al., 2012) The TEM micrographs for F220 and F320 show aerosol particles with at least one smooth edge (marked by a dotted line in Error! Reference source not found.c, Error! Reference source not found.d, Error! Reference source not found.g, Error! Reference source not found.h). The smooth surface of the aerosol particles can be due to the chipping of small angular fragments from the original SiC particles. An analysis of the aerosol shapes and sizes between the 1 st and the 6 th hour could further improve our understanding of the evolution of the aerosol particles generated from F220 and F320.
4.2 Dustiness due to particle attrition F220 and F320 undergo mechanical stresses due to inter-particle collisions and particlewall impacts in the VS. Although hard materials like SiC particles are resistant to breakage or fragmentation, they can undergo attrition due to abrasion or combination of fragmentation and abrasion, depending on the stresses they are subjected to (Ness and Zibbell, 1996; Quercia et al., 2001) . Generally, the abrasion of particles leads to the rounding of the primary mother particles by reducing surface asperities resulting in the generation of fine-scale particles, thus creating a bi-modal number size distribution without any significant changes in the PSD by volume (Yang, 2003) .
Based on the present results of the dustiness tests of SiC particles, the initial dust generation strongly depends on the population size of the aerosolizable particles present in the bulk material. The abrasion of larger particles generates fine aerosolizable particles and is a crucial part of the overall dust generation mechanism. The dust generation mechanism can be broadly divided into two stages (Error! Reference source not found.):
direct release of aerosolizable primary particles, B: release of aerosolizable fines generated through the attrition of larger primary particles.
While the volumetric PSD does not show particles in the respirable size range (Error! Reference source not found.a, Error! Reference source not found.a) with respect to F220 and F320, the number PSD for both F220 and F320 show bi-modal size distributions revealing the presence of particles with CED smaller than 10 µm (Error! Reference source not found.b, Error! Reference source not found.b). Such fine-scale particles already present in the bulk samples can contribute to the initial release of respirable aerosol for F220 and F320 (Error! Reference source not found.). With 32% of particles with CED smaller than 10 µm, F220 generates 2.3 times more respirable aerosol particles in the initial 20 minutes of the vortex shaker test (Stage I, Error! Reference source not found.) compared to F320 consisting of less than 6% of particles smaller than 10 µm.
Stage II can be considered as the relatively gradual reduction in dust emission after the peak of dust emission (Stage I) shown by both SiC F220 and F320 powders. The end of Stage II lies at the 160 th -180 th minute-interval for both powders (Error! Reference source not found.), where the respirable aerosol counts for F220 and F320 reaches their respective local minima, which indicates diminished reserves of aerosolizable dust particle for both SiC powders.
In stage III, the respirable aerosol counts for both F220 and F320 levels off to a relative steady-state (180 th to 300 th minute, Error! Reference source not found.). One possible interpretation of this stage may be that the rate of generation of respirable aerosols in the bulk equals the rate of aerosols released from the bulk. In comparison to the smaller sized SiC F320 particles, F220 powder shows an increasing tendency to release dust, i.e., an increase in generation of respirable aerosols with time. The increase in fine production allows SiC 220 to maintain a reservoir of fine-scale aerosolizable particles (with CED up to 10 µm) thus showing an increase in the population of particles with sizes smaller than 10 µm. The coarser particles in F220 (CED up to 125 µm) are particularly prone to attrition due to abrasion as they tend to contain more faults in the form of microcracks or imperfections and a higher surface area for particle-wall interactions compared to smaller sized particles present in SiC F320.
In Stage IV there is an observable change in the powder emission behavior for both powders. F320 emissions decreases by 42% till the end of the 6-hour test duration. The decrease in F320 aerosol counts with time (Error! Reference source not found.) suggests a diminishing number of fines generated from attrition, that is to say, the F320 particles resist attrition and thus limits the production and generation of fine-scale respirable dust. The smaller, more attrition resistant SiC F320 shows hardly any change in PSD by number or volume due to the 6 hours of vortex shaker test.
Contrarily to SiC F320 powders, F220 emissions increase by 14%. Characterization of the tested F220 powders show a decrease in median particle size (x50) of 49% and 2.5% based on the number (Error! Reference source not found.b, Table 3 .) and volume (Error! Reference source not found.a, Table 2 .) size distributions, respectively. The aerosolization of fine-scale particles from a specific quantity of particles present in the bulk can lead to an increase in x10 due to the absence of the aerosolized particles at the end of the vortex test (PSD by volume shown in Error! Reference source not found.a, Table 2 .). Further, a decrease in x90 suggests a reduction in the size of large-sized particles, potentially due to the attrition of small fragments from the larger particles inside the VS system.
Results from the image analysis of the particle shape properties show SiC F320 particles as relatively more circular in shape with higher average aspect ratio compared to the larger SiC F220 particles. The F220 tested particles show small increases in particle HS circularity and aspect ratio compared to almost no change measured for the tested and pristine SiC F320 particles. The relatively larger and sharply shaped fresh F220 particles show inclination towards becoming rounder (increasing HSC and AR in F220_tested) by shedding angular corners in collisions (Error! Reference source not found.a, Table 3 .). This phenomena has been reported for other particles such as sodium benzoate with increasing particle impaction (Laarhoven et al., 2012) . On the contrary, the less dusty F320 particles are smaller in size and retains its circularity and aspect ratio during the 6 hours of vortex. There are indications in the literature that circular particles are more resistant to attrition than non-circular ones (Laarhoven et al., 2012; Van Laarhoven, 2010) . This might account for the fact that primary particles from F320 that have more circular shapes generate less fines than primary particles from F220 which have an irregular shape while there are no discernable changes particle surface roughness (convexity values in Table 3 .)
Conclusion and Perspective
Particles used for applications extending over a long period of time, such as HTFs in CSP solar thermal plants require results from sufficiently long dustiness tests to support the selection of material and quantify the risk associated with the handling of new and used particles. In this case study, we investigate dust release over six hours for two potential silicon carbide HTFs (F220 with x50 by volume = 68 µm and F320 with x50 by volume = 38 µm) using the VS method.
Test results show the release of the respirable fraction of dust particles from both samples, but F220 is found to be more prone to generate dust than F320. The hourly dustiness index (by number) ratio of F220 and F320 increases from 2.1 in the 1 st hour to 5.1 at the 6 th hour. For F320, an initial rise in the aerosol release is followed by a gradual decrease with time, following a power law distribution. Unlike F320, aerosol generation and release from F220 is more complex and the dust released over time shows a quadratic fit. F220 and F320 not only differ in dustiness but also in the mechanism of dust generation and release. Two dust generation mechanisms are proposed which can potentially explain the dustiness behavior of F220 and F320 over a 6-hour duration. Results from the dustiness measurement, TEM micrographs of the aerosol particles and characterization of pristine and tested
powder samples by their size and shape suggest that the dust generation from F220 and F320 is related to the presence of aerosolizable fine-scale particles already present in the bulk as well as the particles generated from powder attrition.
The tested F220 powders show changes in particle size distribution and shape properties compared to their pristine form, indicating abrasion as the dominant source of attrition. On the contrary, the F320 powders show barely any changes in particle size distribution or shape factors with vortex testing.
Understanding the difference of aerosol generation behavior based on particle shape requires further work and the effect should be more observable for materials softer and more fragile than SiC. F220 and F320 bulk samples could be further characterized by their particle size distribution and shape properties for every hour to analyze the evolution of particle properties with dust generation. The handling of F220 (SiC 220) may generate fine-scale particles which may affect the safe and efficient operation of SiC HTFs in CSP plants. Our study underlines the importance of characterizing both before and after the dustiness test, as changes in its properties are crucial to understand the underlying dust generation mechanisms.
In the industrial world, powders which have already undergone an ageing process for several weeks or months are employed in the CSP plants. Studying such aged powders with respect to their dust generation behavior appears worthwhile. The fact that the dustiness of powder F320 diminishes with time might make it potentially more interesting for industrial applications compared to its counterpart F220 whose dustiness index ends up increasing with time. Further studies are necessary to investigate its potential greater suitability for long-term uses. We thank François Oudet (UTC) for the TEM images, Michaël Lefebvre, Bruno Dauzat and Hervé Leclerc from UTC, France for the particle characterization and Arunima Murgai for critically reading this manuscript. A C C E P T E D M A N U S C R I P T Table 2 Volumetric PSD of the fresh (F220 and F320) and tested powder samples (F220_tested and F320_tested). Table 3 Particle size and shape factors for the fresh (F220 and F320) and tested (F220_tested and F320_tested) samples measured by particle number using image analysis. A C C E P T E D M A N U S C R I P T
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